Abstract-Voltage and frequency droop method is commonly used in microgrids to achieve proper autonomous power sharing without control wire interconnections. This paper proposes a new control strategy for parallel connected inverters in microgrid applications by drooping the flux instead of the inverter output voltage. Firstly, the relation between the inverter flux and the active and reactive powers is mathematically obtained. Secondly, a novel flux droop method is then developed in order to regulate active and reactive powers by drooping the flux amplitude and the phase angle, respectively. In addition, a small-signal model is developed in order to design the main control parameters and study the system dynamics and stability. The proposed control scheme includes a direct flux control (DFC) algorithm, which avoids the use of PI controllers and PWM modulators. The obtained results shows that the proposed flux droop strategy can achieve active and reactive power sharing with much lower frequency deviation and better transient performance than the conventional voltage droop method, thus highlighting the potential use in microgrid applications.
INTRODUCTION
The rapid depletion of fossil fuels, rising demand for electricity, and even tightening government policies on reduction of greenhouse gas emission, together with the inability and inefficiency of the existing electricity grid, are driving major changes in electricity generation and consumption patterns all around the world. In the last decade, serious concerns were raised about distributed generation (DG), such as wind power generation and solar photovoltaic (PV) power generation [1] , [2] .
However, the power quality and the system stability are seriously deteriorated due to the intermittent nature of the renewable energy sources and the tluctuated load profile, To fmd a better way to realize the emerging potentials of DGs, more recently, a new paradigm called microgrid is proposed [3] , [4] . A microgrid is a cluster of distributed generation units (DGs), energy storage systems, and local loads. Compared to a single DG unit, it offers many technical advantages in terms of control tlexibilities and reliability. Another promising function 978-1-4799-0482-2/13/$31.00 ©2013 IEEE 585
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Aalborg University Aalborg, Denmark joz@et.aau.dk of microgrids is that each microgrid system at the distribution level can be served as a utility grid supporting ancillary. With increasing penetration of the DG systems into the electrical distribution network, the DG systems could be equipped with their own power converters with capability of supplying V AR using power electronics primarily for power conversion [5] .
There are various control strategies of micro grid to achieve proper power sharing among DG units. The droop control is one of the most popular technique in microgrid applications. The conventional droop method was first introduced in [6] , where the active and reactive power sharing among the inverters is achieved by adjusting the frequency and amplitude of the inverter output voltage. Subsequently, in order to produce the specified voltage from the droop controller, a multiloop feedback control scheme is implemented [7] - [14] . In the multiloop feedback control, proportional-integral (PI) regulators are involved in the outer voltage loop and inner current loop. A modulator such as sinusoidal pulse-width modulation (SPWM) is required to generate the fmal gates driving signals. This method requires coordinate transformation, and much turning is needed to ensure the system stability, which makes it hard to be implemented in practice.
Recently much attention has been paid to improve the voltage droop method to obtain better performance. For example, better transient response was obtained by introducing the derivative-integral terms into the droop controller [10] . In order to increase the power sharing accuracy by decoupling the active and reactive powers, a virtual power frame transformation or virtual impedance was introduced [11] , [12] . Further, in [13] , an angle controller was proposed to minimize frequency variation by drooping the inverter output voltage angle instead of the frequency. Another important issue in voltage droop control is the voltage deviation. In [14] , a multilayer control strategy was presented to compensate the voltage deviation caused by the droop characteristics. However, all these methods are developed based on the voltage droop method, i.e., on the P -wand Q -V characteristics. Therefore, the conventional complex multi-feedback loops are unavoidable. Besides, the proper power sharing is achieved at the expense of voltage deviation. In this paper, a new flux droop control method is proposed, it can achieve proper power sharing as well as the conventional voltage droop control, but the frequency deviation is much lower. Besides, the control structure is very simple without multi-feedback loops, hence PI controllers is avoided, and PWM modulators are also eliminated. This paper is organized as follows. In Section II, the relation between the power flow and the inverter flux is deduced, based on which a new virtual flux-vector-based droop control is proposed. In Section III, the small signal model is presented to help design control parameters and study the system stability. In Section IV, a direct flux control scheme is developed to produce the virtual flux reference from the droop controller. In Section V, the whole control strategy of the microgrid is illustrated by integrating the proposed flux droop method with the direct flux control scheme. In Section VI, results are provided to validate the effectiveness of the proposed strategy.
II. PROPOSED VIRTUAL-FLUX-VECTOR BASED DROOP CONROL
The three-phase two-level inverter voltage r'j can be controlled to eight space voltage vectors, as shown in Fig. 1 . A DG unit connected to a common ac bus through such an inverter is illustrated in Fig.2 . The mathematical equations of the system equivalent circuit can be described as follows
where V, E, and I are the inverter voltage vector, the common ac bus voltage vector, and the line current vector, respectively. Z = (R + jwL), P and Q are the active and reactive powers flowing from the DG to the common ac bus. The super index * denotes complex conjugate vector. Similarly to the flux definition in an electrical machine, the virtual flux vectors at node A and node B can be defined as According to (3) and (4), the inverter virtual flux vector at node A and the common ac bus virtual flux vector at node B can be rewritten as (6) where qJjV and qJ jE are the phase angles of If/v and If/E, respectively, qJv and qJE are the phase angles of V and E, respectively, and w is the angular frequency of the voltages. As in most practical cases, the line impedance is highly inductive, so the line resistance R can be neglected. Thus combining (1), (3) and (4) yields
Subsequently, substituting (5) and (6) into (8) yields (7) (8) (9) Consequently, the apparent power flowing from the DG unit to the common ac bus can be derived from (9) as (10) Therefore, the active power and reactive power can be expressed as where t:5 = qJjV -qJ jE . Since this angle difference is typically small, so that we can assume sin(t:5) ;:::; t:5 and cos(t:5) ;:::; I, and consequently obtain
Therefore, the flow of active power is proportional to the flux phase angle difference t:5 and the flow of reactive power is proportional to the flux magnitude difference ( l 'fIv l -l 'fIE D . Based on the analysis above, a new droop method by drooping the inverter flux is proposed
where t:5* is the nominal phase angle difference of 'fIv and 'fiE , l 'fIv l * is the nominal amplitude of the inverter flux. P* and Q* are the power rating of the DG unit, m and n are the slopes of the P -t:5 and the Q -l 'fIv l characteristics, respectively. For illustrate this, consider the P -t:5 droop characteristics shown in Fig. 3 for a two-DGs microgrid, the active power is dispatched between these two DGs by drooping their own flux angle difference t:5 automatically once the load is changed.
III. SMALL SIGNAL ANALYSTS
In order to study the system stability and dynamics, a small-signal analysis is provided, allowing the designer to adjust the control parameters. The small-signal dynamics of the P -t:5 droop controller can be obtained by linearizing (11) and (15) as
where G p
Modeling the low-pass filters as calculation, the P -t:5 droop controller equivalent circuit resulting from the small signal model is illustrated in Fig. 4(a) , where Ll denotes the perturbed values, and UJc is the cut-off angular frequency of the low-pass fIlters. By deriving the closed-loop transfer function using M as output and Llt:5* and M* as inputs according to the principle of superposition, one can obtain
The characteristic equation can be derived from (19) as
Subsequently, the eigenvalue of (20) can be expressed as
It can be seen that the system eigenvalues placement changes with the droop slope m, illustrating the stability limits that can be used to adjust the transient response of the system. Similarly, the small-signal dynamics of the Q -l 'fIv l droop controller can be obtained by linearizing (12) and (16) [6] Sector number (Location of 'f' v )
Zero vector is applied to when dA 0
Using a similar procedure, one can obtain the Q -l 'fIv l droop controller block diagram of the small signal model illustrated in Fig. 4(b) . By deriving the closed loop transfer function using !'!.Q as output and !'!. 1 'fIv l * and !'!.Q* as input according to the superposition principle, one can obtain
The characteristic equation can be derived from (24) as (25) Subsequently, the eigenvalue of (25) can be expressed as (26) According to (21) and (26), it can be seen that the eigenvalues placement of system varies with the droop slopes m and n, illustrating the stability limits which can be used to adjust the transient response of the system.
IV. DIRECT VIRTUAL FLux VECTOR CONTROL OF THE

INVERTERS
The inverters, after obtaining the flux references from the droop controllers, will produce this flux in order to achieve proper power sharing among DG units. In the conventional droop method, the voltage reference generated is generally followed by using multi loop feedback approaches, as mentioned in Section I. For the proposed virtual-flux-vector droop control, direct flux control (DFC) strategy can be employed to generate this specific flux reference. Using DFC, the two variables directly controlled by the inverter are l 'fIv l and 6, i.e., the vector 'fIv is controlled to have a specified magnitude and a specified position relative to the vector If/E. The DFC strategy is based on the fact that the effects of each inverter voltage vector on I lf/v l and 6 are different, which is summarized in Table I [ 6] , where Sk is the sector number in the a -fJ plane given by ((JjV (see Fig. 1 )
; and dA=1 if 6 * > 6. dA=O if 6 * < 6.
The DFC scheme is illustrated in Fig. 5 'fIv l and 6 > 6, so dF =1 and dA=l. Therefore, V2(11O) will be selected to increase both I lf/v l and 6. After that, V2(110) will be activated during k 'h and (k+ l) 'h sampling instants, which can be achieved simply by turning on the top switch and turning off the bottom switch of the inverter leg of phase A, turning on the top switch and turning off the bottom switch of the inverter leg of phase B, and turning off the top switch and turning on the bottom switch of the inverter leg of phase C [15], [16] . In this way, 'fIv is controlled along an approximate circular path within specified hysteresis bands through the inverter switching. Inherited from direct control approaches, DFC features excellent dynamic performance without neither coordinate transformations nor modulators.
V.
MICROGRID CONTROL Fig. 5 shows the block diagram of the proposed control strategy, which includes the virtual-flux-vector based droop control presented in Section II and the DFC strategy presented in Section IV. In the virtual-flux-vector based droop controller, the active and reactive powers P and Q supplied by the DGs to the load are calculated from the line curr ent I and load-side voltage E, and then given to the flux droop function to obtain the reference flux. Next, this flux reference can be produced by controlling the inverters using DFC strategy. U) Frequency Regulation: the referenced qJjE* is taken from a referenced virtual three-phase ac voltage E* within = 60 Hz, which can be calculated by qJj£* = qJE* -n/2 according to (6) . In this way, 'fi E can be controlled with a specific frequency./:, because 6 is tightly regulated, thus the frequency of the load side voltage E can be controlled. Now let us perform an in-depth analysis of the proposed flux droop method (15) in Section II. It can be seen that, in contrast to the conventional voltage droop method, the active power sharing of the microgrid is achieved by drooping the angle difference t5 rather than drooping the frequency. Since the referenced qJjE ' is taken from a virtual referenced three phase ac voltage vector E ' with a constant frequency j." therefore, both the vector "/vand vector 'fi E will rotating with a constant angular frequency because t5 is tightly controlled. In other words, the angular frequency 'fi E will not be changed no matter how the t5 is changed. Consequently, the active power sharing can be achieved without frequency deviation, even though the initial flux phase of each inverter is unknown. This is a significant improvement in microgrids since frequency regulation plays an important role. 
VI. RESULTS AND DISCUSSIONS
Fig . 6 shows the two-DG based microgrid system. The system parameters listed in Table II , which are kept the same as in [6] . The slopes of the flux droop characteristics are selected as follows: ml= -2.67x 1O-7 rad/W, nl = -2.65x 10-7 Wb/V Ar, m2 = -3.33X 10-7 rad/W, n2 = -9.55x 10-7 Wb/V Ar, l 'fIv I ' = 7.7 97 Wb, t5*= 0.2 rad. The tests were carried out in simulation using MATLAB/Simulink. The system sampling frequency is 20 kHz, the average switching frequency of each inverter is about 3.2 kHz. The load resistance RE2 is decreased suddenly to the half of its value at 0.2 s. Fig. 7 shows the dynamic response of the virtual flux of inverter #l. It can be seen that initially flux reference l 'fIv l ' and t5* generated by the flux droop controller are quite stable (red curves), and l 'fIv l and t5 (blue curves) are well controlled to track their references. When RE2 is decreased suddenly at 0.2 s, l 'fIv l ' and t5* are changed automatically according to the pre defined droop characteristics to meet the new load demand. It can be observed that t5* was decreased in order to increase the active power output while no changes can be observed in l 'fIv l ' because there is no reactive power change in the load demand. Due to the excellent dynamic performance of the DFC strategy, the actual values of l 'fIv l and t5 are well tracking the references. The dynamic response of the virtual flux of inverter #2 is similar to that of inverter # 1, so it is not shown here. Fig. 8 shows the powers sharing between inverters. It can be found that the two DGs can manage the load changes immediately, and the system reach a new steady-state point within only 10 ms. DG # 1 deliver larger amount of active power because it has a stiffer slope, as explained in Section II. In order to analyse the voltage quality, the line-to-line voltage across the capacitor C1 of DG #1 (i.e., the voltage of load #1) is plotted out and shown in Fig. 9 . It is seen that the load voltage is very stable and sinusoidal before and after the load changes. Once again, the voltage of load #2 is similar to that of load # 1, which is not plotted out here. voltage droop method and the proposed flux droop method, respectively. It can be seen that there is around 7 V of voltage amplitude deviation in order to compensate 0.1 MVar reactive power unbalance, for both the conventional V -Q droop and the proposed l 'fIvl -Q droop. However, if there is 0.1 MW active power unbalance from the load, the frequency features 0.45 Hz deviation for voltage droop while only 0.08 Hz for flux droop, i.e., the frequency regulation is much better using the proposed flux droop method.
VII. CONCLUSION
In this paper, a new flux droop control strategy of the parallel operation of inverters is proposed for microgrid applications. Different to the conventional voltage droop method, the power sharing is achieved by drooping the flux amplitude and phase angle difference. The new control strategy is simple and effective. On the one hand, multi-feedback loops and PWM modulators are not needed in the control structure. On the other hand, good active and reactive power sharing can be achieved with much lower frequency deviation and faster transient response than the conventional droop method. 
